Corn (Zea mays) and soybean (Glycine max) production forms an integral part of economies 15
INTRODUCTION 38
Corn (Zea mays) and soybean (Glycine max) production forms an integral part of the economies of 39 multiple nations in both the eastern and western hemisphere (Hartman et al., 2011; Meade et al., 2016 ) 40
and plays a major role in the food security of developing nations (Hartman et al., 2011; Shiferaw et al., 41 2011). In the United States in 2016, corn and soybean accounted for 53% of total acreage planted to 42 principal crops and 49% of principal crop production (U.S. Department of Agriculture National 43
Agricultural Statistics Service, 2017). However, both crops suffer yield penalties under continuous 44 monoculture. Corn yield is thought to be limited primarily by levels of soil nitrogen (N), whereas the 45 main factor thought to limit soybean yield is disease pressure from plant pathogens, especially the 46 soybean cyst nematode (SCN, Heterodera glycines) (Gentry et al., 2013; Seifert et al., 2017) . Other 47 soil properties, especially soil phosphorus (P), may be involved in yield declines of both crops (Bender 48 et al., 2015; Xin et al., 2017) . Soil fungi, including arbuscular mycorrhizal fungi (AMF), interact with 49 plants, plant pathogens, and soil properties in complex ways that may affect crop yields (Francl and 50 Dropkin, 1985; Johnson et al., 1992; Tylka et al., 1991) . 51
The SCN is responsible for the largest soybean yield declines, averaging 3.5 million metric tons 52
in yield losses in the U.S., annually (Koenning and Wrather, 2010) . While crop rotation to corn is the 53 most widely adopted practice to reduce SCN populations, even five years of continuous corn cropping 54 cannot eliminate this pathogen . With few available sources of genetic resistance 55
to SCN and the phasing out of chemical nematicides due to environmental and human 56 toxicity (Warnock et al., 2017) , biocontrol of SCN using nematophagous fungi is being investigated as 57 an alternative to manage this pathogen (Chen and Dickson, 2012) . Understanding how these fungi 58
respond to common corn-soybean crop sequences may help identify fungal taxa that could serve as 59 biocontrol agents. 60
Methods for characterizing soil fungal communities have undergone significant advances in 61 recent years. Early studies used denaturing gradient gel electrophoresis (DGGE) to demonstrate 62 seasonal shifts in bacterial and fungal communities in plant rhizospheres and to a lesser extent in bulk 63 soils (Gomes et al., 2003; Smalla et al., 2001; Smit et al., 2001) , but this technique is known to 64 underestimate species diversity (Gomes et al., 2003) . In the last decade, high throughput amplicon 65 sequencing has facilitated more complete characterization of agricultural soil microbial communities 66 than earlier culture-based and molecular approaches (Lindahl et al., 2013) . Many of these studies have 67 demonstrated the effects of continuous monoculture cropping on the relative abundance of plant In addition to their effects on soil microbial communities, cropping sequences are known to 77 affect soil physical and chemical properties that could impact yield. For example, rotation of corn to 78 soybean has been shown to increase bioavailable N, which improves corn yield (Peterson and Varvel, 79 1989) . Likewise, rotation of soybean to corn has been shown to improve soil aggregate stability and 80 water holding capacity and to increase soil levels of organic matter, P, K, Mg, and Ca, properties that 81 are associated with increased soybean yield (Perez-brandan et al., 2014). However, another study 82 found that soil P was higher under continuous soybean monoculture compared to continuous corn 83 monoculture at two sites in Minnesota, including our study site (Johnson et al., 1991) . AMF, which 84 are canonically thought to enhance plant growth through the uptake and transport of soil P (Parniske, 85 2008), undergo community shifts related to corn-soybean crop sequences (Johnson et al., 1991) . It has 86
been hypothesized that the AMF communities associated with corn and soybean becomes less 87 mutualistic under continuous monoculture of each host, potentially contributing to yield declines 88 (Johnson et al., 1992) . 89
The population density of nematophagous fungi may also be affected by cropping sequences. 90
For example, the nematode-endoparasitic fungus, Hirsutella rhossiliensis, which is thought to have a 91 density-dependent relationship with SCN (Jaffee et al., 1992) , was more commonly isolated from SCN 92 juveniles during soybean cropping years with higher SCN density (Chen and Reese, 1999 with the root knot nematode (Meloidogyne javanica) under greenhouse conditions (Jaffee et al., 1993) . 99
However, little is known about the relationships between common corn-soybean crop sequences and 100 SCN-antagonistic fungi in bulk soil. 101
In addition to studying shifts in the abundance of fungal taxa, we also sought to address changes 102 in functional guilds of fungi across crop rotation sequences. The concept of an ecological guild dates 103
to Root (1967) , who defined a guild as a group of species that consume the same resource in the same 104
way. Recent approaches have broadly classified fungi according to both their trophic mode and 105 ecological guild (Nguyen et al., 2016) . In addition to these broad ecological categories, three guilds of 106 nematophagous fungi are recognized: i) near-obligate endoparasites of free-living nematodes, ii) 107 nematode egg parasites, and iii) nematode-trapping fungi (Chen and Dickson, 2012) . A fourth group 108 of nematode-antagonistic fungi consisting of species that kill nematodes through the production of 109 antibiotics is often described (Chen and Dickson, 2012) , but this group does not precisely meet the 110 definition of a guild, as its description does not specify a feeding mode. To our knowledge, this is the 111 first study to comprehensively investigate the bulk soil fungal community associated with corn and 112 soybean rotations from the standpoint of trophic modes and nematophagous guilds in addition to 113 individual taxa or operational taxonomic units (OTUs) . 114
This study utilized a unique long-term research site in Waseca, MN, at which corn and soybean 115 have been planted under continuous long-term monoculture, annual rotation, and 5-year rotations since 116 1982. A previous study conducted at the same site showed that populations of SCN increased under 117 continuous soybean monoculture, whereas populations of the plant parasitic nematodes, Pratylenchus 118 (lesion nematode) and Helicotylenchus (spiral nematode), increased under continuous corn 119 monoculture Chen, 2016a, 2016b) . These nematode populations were correlated with 120 yield declines in soybean and corn, respectively. However, it is unknown whether increases in SCN 121 density at this site are correlated with increases in the relative abundance of SCN-antagonistic fungi in 122 the bulk soil, knowledge that could have profound implications for biocontrol. The objectives of this 123 study were to (i) investigate the role of corn/soybean crop rotations and continuous monoculture in 124
shaping bulk soil fungal communities, and (ii) identify specific fungal taxa or functional guilds 125 Experimental plots were 4.57 m wide by 7.62 m long and contained 6 rows of plants, each. 147
Plots were managed by conventional tillage practices consisting of fall chisel plowing and field 148 cultivation prior to planting. All crops were resistant to glyphosate (Roundup) herbicide, which was 149 used at a rate of 2.2 kg/ha to prevent weed growth. Corn and soybean plots were sprayed with Endigo 150
insecticide at a rate of 245 g/ha at midseason in 2015 for aphid control. No insecticides were used in 151 2016. Corn plots were fertilized with nitrogen as urea at a rate of 224.4 kg/ha at midseason in 2015 152
and 2016. No phosphorus-containing fertilizer was applied in 2015 and 2016, but P-K fertilizer was 153 applied at a rate of 80 and 120 lbs. per acre, respectively, to all plots in 2014. 154
Sample collection 155
Bulk soil samples were collected in the spring (at planting), midseason (2-3 months after planting), and 156 fall (at harvest). A total of 20 soil cores were taken at regular intervals from between the two central 157 rows of each plot using a 2.54 cm diameter probe sunk to a depth of 20 cm. Soil samples were stored 158 in a cold room at 4 o C until further processing on the same day. Soil cores from each plot were pooled, 159
pushed by hand through a 5 mm mesh screen to break apart cores into smaller aggregates, and 160 thoroughly mixed by hand. A subsample of 100 g of homogenized soil was used for SCN egg 161 quantification. Soil properties analysis was performed on 100 g of homogenized soil collected in the 162 spring by the Research Analytic Laboratory at the University of Minnesota. The remaining 163
homogenized soil (250 g) was stored in a resealable plastic bag at -80 o C for later processing. 164
SCN egg density quantification and yield measurement 165
The density of SCN eggs in the bulk soil was determined following the methods described in Hu, et al. 166 (2017). Briefly, cysts were separated from 100 cm 3 of bulk soil by elutriation followed by 167 centrifugation in a 63% (w/v) sucrose solution. Cysts were crushed to release eggs (Niblack et al., 168 1993) . Eggs were then collected in water and quantified by examining a subsample of egg suspension 169
with an inverted microscope. This number was used to calculate the total number of eggs in 100 cm 3 170 of soil. Yield was measured from 20 feet of the two central rows of each experimental plot using a 171 plot combine. 172
DNA extraction, amplification, and sequencing 173
Fifty grams of soil from each 250 g soil sample was homogenized further in a coffee grinder, and DNA 174 was extracted from 0. filtering rate of 0.05% and curated using LULU v1.1.0, which merges "split" OTUs, resulting in better 204 alpha diversity estimates (Frøslev et al., 2017) . 205
Based on the recovery of taxa from our fungal mock community, a synthesis of four different 206 methods and a custom R script (available at https://github.com/stro0070/OTU-taxonomy-assignment) 207
was used for taxonomy assignment (Supplementary text). This new approach to assigning taxonomy 208
to OTUs resulted in a greater percentage of recovered taxa from our fungal mock community, as well 209
as greater accuracy and precision of taxonomy assignments compared to any single method. The OTU 210 to OTUs. Only OTUs that were assigned a trophic mode with a confidence ranking of "Probable" or 228
higher were used for statistical analyses of trophic modes. The nematophagous fungal guilds, 229 "endoparasites," "egg parasites," and "trapping fungi," were defined by performing literature searches 230
for SCN-parasitic fungi (keywords: "soybean cyst nematode", "biological control," "fungi," 231 "nematophagous", "trapping", "predator," "endoparasite", "egg parasite") (Hu et al., 2018) . Taxa  232 belonging to each nematophagous guild are listed in Table S6 . 233
Statistical analyses 234
All statistical analyses were performed in RStudio v 3.5.0 (R Core Team, 2018; RStudio Team, 2016) . 235
All plots except for distance-based redundancy analysis were created in "ggplot2" (Wickham, 2009 ). 236
In all analyses in which ANOVA was used, Levene's test (Levene, 1960 ) was used to ascertain equal 237 variance, and all P-values associated with multiple hypothesis testing were corrected by the false 238 discovery rate (FDR) procedure (Benjamini and Hochberg, 1995) . 239
Yield and SCN density 240
Significant differences in yield were detected using ANOVA followed by Tukey's HSD test (Tukey, 241 1949 
Soil properties 248
The mean and standard error for soil properties associated with each crop sequence were calculated 249 using the "aggregate" function in the "stats" package in R (R Core Team, 2018) . Significant effects of 250 crop sequence on individual soil properties were tested using ANOVA on the model Y ~ Block + 251
CropSequence. A square root transformation was used for Fe in 2015 and 2016 and for NO3 in 2016 252 to meet the ANOVA assumption of equal variance. Individual soil properties were tested for 253 correlations with fungal community dissimilarity in spring 2015 and 2016 using the "adonis" function 254
with 9999 permutations in the R package, "vegan" (Oksanen et al., 2016) . Vectors for each soil 255 property were generated using the "envit" function. Correlations between individual soil properties 256 and yield were tested using the "lm" function followed by ANOVA. 257
Differential abundance 258
Differential abundance analyses were performed at the phylum and species level, for trophic modes, 259
and for nematophagous guilds. Due to the high false discovery rate associated with using proportions 260
for differential abundance testing (Weiss et al., 2017) , read counts were instead transformed to centered 261 log ratios (CLRs) (Aitchison, 1982; Martín-Fernández et al., 2003) , which are associated with a much 262 lower false discovery rate (Gloor et al., 2017) . This is the same approach used in the R package 263 "ALDEx2," (Gloor, 2018) and has been used in other metabarcoding studies ( 290 collapsed by order with the QIIME2 "collapse" plugin (Caporaso et al., 2010) . Read counts were 291
Hellinger transformed prior to this analysis. The analysis was constrained by soil properties, spring 292 SCN density, and yield and scaled by "species". 293 Alpha diversity metrics were calculated using the "estimate_richness" function in the 294 "Phyloseq" package (McMurdie and Holmes, 2013). Effects of crop sequence and season on alpha 295 diversity were tested for individual years using ANOVA on the same model as for beta diversity. 296
Pairwise comparisons across crop sequences and seasons were made using Tukey's HSD test (Tukey, 297 1949) . Spearman correlation tests were used to test for correlations between the diversity of 298 nematophagous guilds and trophic modes and SCN density, yield, and monoculture year of each crop 299
host. Rarefaction curves were generated using the "rarecurve" function in vegan (Oksanen et al., 2016) . 300
DATA ACCESSION 301
The raw sequences from bulk soil samples were deposited into the NCBI database (Accession number: 302 PRJNA484933). 303
RESULTS 304

Soybean cyst nematode density and crop yields 305
Corn yields were significantly higher in years following soybean (C1 and Ca), especially in the first 306
year of corn after five years of soybean (C1) ( Figure 1A) . However, long-term corn monoculture (Cc) 307 yield was not significantly lower than corn yield from earlier years of corn monoculture (C1-C5) 308
( Figure 1A) . By contrast, soybean did not have significantly higher yields in the first year following 309 five years of corn (S1) or in annual rotation with corn (Sa) compared to other soybean crop sequences 310
( Figure 1B) . In 2015, SCN-resistant soybean (Sr) had significantly greater yields than SCN-311 susceptible soybean (Ss), which had significantly lower yields than SCN-susceptible soybean under 312
shorter-term monocultures (S3 and S5) ( Figure 1B) . 313 SCN density differed significantly by crop sequence in 2015 and 2016 according to the Wallis test (P < 0.0001) ( Figure 1C) . In general, SCN egg density decreased with increasing years of 315 corn monoculture and increased with increasing years of soybean monoculture ( Figure 1C ). SCN 316 density was also significantly lower in SCN-resistant soybean plots compared to other soybean plots 317
( Figure 1C ). Significant (P < 0.01) negative correlations between 2016 soybean yield and 2016 318 midseason and fall SCN density were observed ( Figure 1D) . When SCN density data were subset by 319 crop host, a significant effect of season was observed for SCN-susceptible soybean in 2016 (P < 320 0.0001), with higher SCN density in fall compared to spring or midseason ( Figure S4) . 321 
Fungal community comparisons across crop sequences and seasons 334
Adonis, a non-parametric multivariate ANOVA used to identify sources of variation between 335
communities (Anderson, 2001; Oksanen, 2015) , revealed significant effects of crop sequence and 336 season on fungal community dissimilarity, with crop sequence explaining the highest proportion of 337 dissimilarity in both 2015 and 2016 (Table 1) . NMDS plots from each sampling timepoint displayed 338 a pattern or trend in which long-term continuous monoculture communities showed the clearest 339 separation by crop host, with long-term soybean monoculture (Ss and Sr) communities on opposite 340 sides of the NMDS plots from long-term corn monoculture (Cr and Cn) communities (Figure 2A) . 341 Between these extremes, communities generally became more similar to the long-term monoculture 342
communities with increasing years of monoculture of each crop. For example, communities from later 343 years of corn or soybean monoculture were more similar to their respective long-term monoculture 344 communities, with communities from S3, S4, and S5 mapping close to Ss and Sr and communities 345 from C3, C4, and C5 mapping close to those from Cc and Cn. Communities associated with first year 346 crop sequences (S1 and C1), however, were more similar to fifth year crop sequence communities 347 associated with the alternate crop (C5 and S5), especially in spring. These communities from first year 348 crop sequences became increasingly more similar to their respective host communities during the 349 growing season from spring to fall (Figure 2A) 
352
Significant effects are reported at **P < 0.01.
353
Soil properties 354
Of the soil properties tested, only P, Mn, and Cu were found to differ significantly by crop sequence 355 (Table S7) . Phosphorus decreased under continuous corn monoculture and increased under continuous 356 soybean monoculture in both 2015 and 2016, while Mn and Cu showed the reciprocal pattern.
357
Although all measured soil properties except for Zn had significant relationships with fungal 358 community dissimilarity in at least one sampling year (Table S7 and Figure 2B ), only pH, Fe, and 359
Mn had R 2 values greater than 0.1 according to univariate adonis ( Table S7 ). The vector for P on the 360 NMDS plot showed an association with soybean crop sequences ( Figure 2B) , and P levels under 361 continuous soybean (Ss and Sr) were over twice those observed under continuous corn (Cc) ( Table  362 S7). Correlations between individual soil properties and yields of corn and soybean typically had 363 opposite signs for the two crops (Table S8 ). While significant relationships between soil properties 364 and corn yield were inconsistent between 2015 and 2016, soybean yields were consistently 365 significantly positively correlated with organic matter (OM), manganese (Mn), copper (Cu), and total 366 organic carbon (TOC), and significantly negatively correlated with pH (Table S8) . 367 
Alpha diversity 377
Chao1 estimates of fungal OTUs varied significantly by crop sequence in 2015 and by season in both 378 years ( 
Spring2016
Mid2016 Fall2016
Crop Sequence Effect to soybean, especially under long-term monoculture (Figure 3B, S9 ). Symbiotroph diversity also 386 showed significant negative correlations with SCN density and corn yield at one sampling timepoint, 387 each ( Table S10) . Richness of OTUs assigned to nematode-trapping fungi and egg parasite guilds 388
varied significantly by crop sequence in both years and by season in 2015 ( Table 2) . Fifth-year and 389 long-term soybean monoculture plots (S5 and Ss) and first-year corn monoculture plots (C1) typically 390
had the most trapping fungi and egg parasite OTUs, whereas long-term corn monoculture plots (Cn 391
and Cc) typically had the fewest (Figure 3C) . The diversity of nematode-trapping and egg parasitic 392
guilds was significantly correlated with SCN egg density in spring of both years and negatively 393 correlated with corn monoculture year in multiple timepoints, each ( 
396
OTUs assigned a trophic mode with a confidence ranking of "Probable" or "Highly Probable" were used for this analysis. 
Fungal community profiles 411
Averaging across all sampling timepoints and crop sequences, a majority of reads belonged to OTUs 412 assigned to phylum Ascomycota (56%), with Basidiomycota (14%), Mortierellomycota (13%), and 413
Chytridomycota (2%) having the next most abundant read counts ( Figure 4A) . A significant portion 414 of reads (12%) were assigned to kingdom Fungi but not to any fungal phylum. Fewer than 1% of reads, 415 each, were assigned to Blastocladiomycota, Calcarisporiellomycota, Entomophthoromycota, 416
Entorrhizomycota, Glomeromycota, Kickxellomycota, Monoblepharomycota, Mucoromycota, 417
Neocallimastigomycota, Olpidiomycota, Rozellomycota, and Zoopagomycota. 418
Seventy-nine percent of sequence reads were clustered into OTUs that could not be assigned a 419 functional guild or trophic mode at a confidence ranking of "Probable" or higher by FUNGuild 420 (Nguyen et al., 2016) . Of sequence reads belonging to OTUs that were assigned a "Probable" or 421 "Highly Probable" trophic mode, 76% were classified as Saprotrophs, 12% as Pathotrophs, 5% as 422
Symbiotrophs, 3% as Pathotroph-Saprotrophs, and 1% or less each as Pathotroph-Symbiotrophs, 423
Saprotroph-Symbiotrophs, Pathotroph-Saprotroph-Symbiotrophs, and Saprotroph-Pathotroph-424
Symbiotrophs. (Figure 4B) . A list of taxa assigned to each trophic mode is given in Table S11 . A 425 majority of reads belonging to OTUs assigned to ecological guilds with "Probable" or "Highly 426
Probable" assignments were classified as Undefined Saprotrophs (66%), followed by Plant Pathogens 427 (10%), Undefined Saprotroph Wood Saprotrophs (3%), and Arbuscular Mycorrhizal fungi (3%), with 428 each other category making up 2% or less of the total. (Figure S5) . A list of taxa assigned to each 429 guild is given in (Table S12) . In terms of nematophagous fungal guilds, 3.7% of total reads belonged to OTUs classified as 431 nematode egg parasites, while a much smaller proportion belonged to OTUs classified as nematode-432
trapping fungi (0.07%) and nematode endoparasites (0.01%) (Figure 4C) . Four species belonging to 433 the nematode endoparasite guild, nine species belonging to the nematode egg parasite guild, and six 434
genera containing twenty-one species of nematode-trapping fungi were detected in our sequencing data 435 (Figure 5 and Table S13 ). Additional BLAST searches of OTUs identified as "Clonostachys" and 436
"Purpureocillium" against the UNITE database (UNITE Community, 2017) revealed that known egg-437 parasitic taxa, Clonostachys rosea and P. lilacinum, respectively, were their most likely identities, 438
confirming that these OTUs belonged in the egg parasite guild. 439
Differential abundance by crop sequence 440
While it is impossible to ascertain true shifts in absolute abundance of taxa through metabarcoding, 441
CLRs (centered log ratios) can be used to identify shifts in relative abundance with an acceptably low 442 false discovery rate (Gloor et al., 2017) . Using the CLR transformation, two main patterns were 443
observed regarding crop sequence effects on the relative abundance of fungal taxa, trophic modes, and 444 nematophagous guilds: 1) an increase in relative abundance over years of soybean monoculture and a 445 decline over years of corn (soybean-associated fungi), and 2) an increase in relative abundance over 446 years of corn monoculture and a decline over years of soybean (corn-associated fungi) (Figures 6, 7 , 447 S6-8, Table S14 ). CLRs associated with annual rotation plots were often intermediate to those from 448 long-term monoculture plots associated with either crop host. 449
Phyla, trophic modes, and nematophagous guilds were identified that showed soybean-450 associated or corn-associated patterns. The most consistent pattern observed at the phylum level was 451
for Glomeromycota, which was more abundant under corn monoculture in all but one sampling 452 timepoint (Figure 6A) . In terms of trophic modes, symbiotrophs showed a corn-associated pattern, 453
whereas pathotrophs showed a soybean-associated pattern (Figure 6B,C) . Among nematophagous 454 guilds, nematode-trapping fungi displayed the clearest pattern, with the highest relative abundance 455 associated with later years of soybean monoculture, including both susceptible (Ss) and SCN-resistant 456
(Sr) soybean plots, and with early years of corn monoculture (Figure 6D) . These patterns were also 457 supported by significant spearman rank correlation tests showing significant positive correlations of 458 relative abundance of these phyla, trophic modes, or nematophagous guilds with increasing years of 459 soybean or corn monoculture at one or more sampling timepoints. 460
At the genus and species level, many fungi showed soybean-associated patterns of relative 461
abundance (Figures 7, S7, and S8) . Although Glomeromycota generally showed higher relative 462 abundance under corn (Figure 6A) , one AMF species, Rhizophagus irregularis, showed a soybean-463 associated pattern in midseason of both years (Figure S7, S8) Figures 7, S7, and S8) . 475 483 mean relative abundance % 2015 2016 Nematophagous fungal guilds Endoparasitic fungi C Many nematophagous fungi showed soybean-associated patterns of relative abundance 493 (Figures 7, S7, and S8) . These included the nematode-trapping fungi Orbilia auricolor, Arthrobotrys 494 scaphoides, Athrobotrys polycephala, and Arthrobotrys xiangyunensis, of which the latter two were 495 also significantly positively correlated with SCN density at one and two sampling points, respectively 496 ( Figure S8) . Among potential egg-parasites, Clonostachys sp. showed a strong soybean-associated 497 pattern and was also significantly correlated with SCN density at three sampling timepoints ( Figures  498  7B, S8) . Several species of Mortierella, including Mortierella elongata, Mortierella alpina, and 499
Mortierella polygonia, some isolates of which have been shown to inhibit SCN egg hatch (Juba et al., 500
2004), showed soybean-associated patterns and significant correlations with SCN density (Figures S7,  501  S8) . Didymella americana (syn. Peyronellaea americana), which has been isolated from nematode 502 cysts (Aveskamp et al., 2010), was positively correlated with soybean monoculture year in midseason 503 2016, while an OTU less precisely identified as Didymellaceae sp. showed a soybean-associated 504 pattern and significant correlations with SCN density at multiple timepoints (Figure S8) . One 505 basidiomycete species, Coprinellus micaceus (syn. Coprinus micaceus) was positively correlated with 506 SCN density in fall 2016 and with soybean monoculture year in spring 2016 (Figures 7B and S8) . 507
Some members of Coprinellus are known to produce nematicidal compounds either as a defense 508 against herbivory or, for nematophagous species, as part of a feeding strategy (Degenkolb and 509
Vilcinskas, 2016; Plaza et al., 2016) 510
A contrasting group of fungi showed a corn-associated pattern (Figures 7, S7, and S8) . Among 511 symbiotrophic taxa, these included AMF identified as Paraglomus brasilianum and Glomus indicum, 512
as well as the dark septate endophyte Periconia macrospinosa (Doran et al., 1984) . A corn-associated 513 pattern was also observed for OTUs identified as members of the family, Serendipitaceae, which is in 514 the order Sebacinales (Figures 7, S7, and S8) Drechslera sp., Ceratocystis sp., and Phaeosphaeria sp. all showed corn-associated patterns, as did 522
one Tremellomycete yeast, a member of Cystofilobasidiales (Fell et al., 1999) . 523
No significant correlations were found between the relative abundance of specific taxa and 524 soybean yield at any sampling timepoint, but a few taxa showed significant correlations with corn yield 525 in spring and midseason 2016 (Figure S8) . In general, taxa that correlated positively with corn yield 526 had greater relative abundance under continuous soybean monoculture. One of these taxa was 527 classified as Glomus aggregatum, an AMF associated with soybean monoculture in midseason 2016, 528
and another was identified as Mortierella sp. (Figure S7 and S8) . 529 
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Unlike differential abundance by crop sequence, in which only two main patterns were evident, taxa, 558 trophic modes, and nematophagous guilds exhibited a variety of seasonal shifts and showed similar 559 seasonal patterns regardless of crop host (Figure S9-S11) . 560
There was some consistency between shifts in relative abundance of taxa by crop sequence and 561
shifts observed across seasons. For example, several species of corn-associated AMF, as well as the 562 plant pathogen, S. terrestris, which increased in relative abundance over continuous corn monoculture, 563 also increased over the growing season under corn, having greater relative abundance in midseason or 564 fall compared to spring ( Table S15 ). The soybean-associated AMF, R. irregularis, increased from spring to midseason 570 under soybean in 2015 (Table S15) . Similarly, the soybean endophyte, P. sojae, and the soybean 571 pathogen, C. gregata, increased in relative abundance throughout the soybean growing season in 2015 572
and 2016 (Table S15 ). Other soybean-associated plant pathogens, like S. arundinacea, which 573
consistently decreased under continuous corn monoculture, also decreased throughout a single corn 574 growing season in 2016 (Table S15) . 575
Correspondence between fungal taxa, yield, SCN density, and soil properties 576
Distance-based redundancy analysis showed that a combination of crop yield, SCN density, and soil 577
properties explained, on average, 57% and 52% of variation between fungal communities at the ordinal 578 level in corn plots and soybean plots, respectively. Corn yield and soil P varied with fungal 579 communities in the same direction in 2015 and 2016 and corresponded with the relative abundance of 580
Mortierellales, an order containing phosphate-solubilizing fungi (Li et al., 2018) (Figure 8A,B) . A 581 spearman correlation test revealed that the relative abundance of this order was positively correlated 582 with soil P in 2015 (Table 3) . While not immediately apparent on the redundancy analysis plots, the 583 relative abundance of Sebacinales, an order containing ectomycorrhizal and endophytic species (Weiß 584 et al., 2011 (Weiß 584 et al., , 2016 , and two glomeromycete orders, Glomerales and Paraglomerales, were significantly 585 negatively correlated with soil P ( Table 3) . SCN density and yield corresponded with soybean-586 associated fungal communities in opposite directions in 2016 (Figure 8C,D) SCN density in both corn and soybean distance-based redundancy analysis plots (Figure 8) . 591 
596
The dbRDA axes describe the percentage of the variation explained by each axis while being constrained to account for 597 differences in soil properties, SCN density, and yield. Order names were shortened by removing "ales" from the end of alpha diversity was higher under corn monoculture, but the diversity of specific functional guilds 614
showed contrasting patterns, with saprotrophs and symbiotrophs increasing in diversity under 615 continuous corn and nematode-trapping and egg parasitic fungi increasing in diversity under 616 continuous soybean. Several potential predators and opportunistic pathogens of SCN were identified 617 whose relative abundance was positively correlated with SCN density and with years of continuous 618 soybean monoculture. These predominantly included members of nematode-trapping and egg-619 parasitic guilds but also included fungi that may immobilize or kill nematodes through the production 620 of nematicidal compounds. Soil chemical properties, most notably P, shifted over continuous 621 monoculture of both crop hosts and corresponded with shifts in fungal taxa, including several fungal 622 orders involved in P solubilization and acquisition (Mortierellales, Glomerales, Paraglomerales, 623
Sebacinales). Changes in soil properties, SCN density, and the relative abundance of specific fungal 624 groups, like AMF and plant-pathogenic fungi, suggest multiple causes of yield declines under 625 continuous monoculture of soybean and corn. 626
Yield and soybean cyst nematode density 627
The results of corn yield (Figure 1A) were similar to those of a metanalysis of hundreds of thousands 628 of fields in the United States and to a previous study at our site in which a yield 629 penalty was observed during the second year of corn monoculture, with insignificant yield penalties 630
with additional years of corn (Grabau and Chen, 2016b) . Decreased nitrogen availability has been 631 identified as the main limiting factor in corn yields under continuous corn cropping (Gentry et al., 632 2013) . However, in our study total N actually increased under continuous corn monoculture (Table  633 S7), most likely due to N fertilization with urea in the corn plots. The most significant change in any 634 soil property was seen for P, which decreased under corn monoculture and increased under soybean 635 monoculture, a result similar to one observed in a previous study at the same site (Johnson et al., 1991) . 636
While a significant correlation between soil P and corn yield was not detected (Table S8) , corn yield 637 and soil P corresponded with fungal communities in the same direction (Figure 8A,B) , raising the 638 possibility that corn yield was in fact limited, at least in part, by available P. One notable difference 639 between our results and those of Grabau and Chen (2016b) was that non-Bt corn yields were lower in 640 2015 and higher in 2016 compared to long-term continuous Bt-corn (Figure 1A) . One possible 641 explanation for this observation is that pressure from plant parasitic nematodes or insect pests was 642 Plant species richness is a predictor of soil fungal richness (Maltz et al., 2008; Tedersoo et al., 692 2014), and a greater variety of root exudates can support a more diverse fungal community (Broeckling 693 et al., 2008) . We expected, therefore, that annual rotation (Ca and Sa) would result in increased soil 694 fungal alpha diversity. However, total alpha diversity was more strongly associated with corn 695 monoculture than with crop rotation (Figure 3A and Table S9 ). This pattern was driven, in part, by 696 the diversity of symbiotrophic and saprotrophic fungi (Figure 3B ). Our result showing increased 697 diversity of symbiotrophs under corn monoculture is consistent with an earlier study at the same site 698
documenting higher diversity of AMF under corn monoculture compared to soybean (Johnson et al., 699 1991) . This result may imply that corn has fewer selective barriers to AMF colonization than soybean. 700
Alternatively, a more diverse AMF community may be the result of greater below-ground biomass in 701
corn (Johnson et al., 1991) . A larger root system may support more AMF, overall, resulting in greater 702 detection of diverse AMF in our metabarcoding analysis. The increased diversity of saprotrophs could 703 also be related to biomass, as a greater amount of crop residue, which promotes the proliferation of 704 diverse saprotrophic fungi (Ma et al., 2013) , remains after corn harvest compared to soybean harvest 705 (Doran et al., 1984) . Our data showing both greater diversity of saprotrophic fungi (Figure 3B and 706 Table S9 ) and greater amounts of organic matter (Table S7 ) under corn monoculture support this 707 hypothesis. 708
While overall alpha diversity was higher under corn monoculture (Table S9) , nematode-709
trapping and egg-parasitic nematophagous guilds showed increased alpha-diversity under soybean 710 monoculture, correlating with higher egg densities of SCN (Figure 3C, Tables S9 and S10 ). This 711
finding is consistent with other ecological studies that show an increase in bacterial and fungal diversity 712
in response to increased availability of limited resources (Cline et al., 2018; She et al., 2018) . Further 713
research is needed to understand whether these fungi contribute to controlling SCN populations or if 714 their merely act as opportunistic SCN parasites without substantially reducing SCN density. 715
Our findings regarding total alpha diversity ( Figure 3A and Table S9 ) suggest another 716 potential mechanism through which crop rotation benefits soybean. General suppression of soil-borne 717 plant pathogens relies on a diverse fungal community that limits the establishment of pathogenic 718 microbes in the soil (Garbeva et al., 2011) . It is possible that corn monoculture helps create such a 719 community by increasing the taxonomic and functional diversity of soil fungi, a pattern that may also 720 contribute to soil fertility (Mäder et al., 2002) . It is also possible that increased AMF diversity under 721 corn monoculture contributes, in part, to higher soybean yields following years of corn (Johnson et al., 722 1991 (Johnson et al., 722 , 1992 . 723
Seasonal variation, including an increase in bulk soil fungal alpha diversity (Chao1) from 724 midseason to fall in 2016 ( Table 2) , was consistent with the pattern observed for alpha diversity of 725 fungal communities in SCN cysts in 2015 and 2016 at the same study site (Hu et al., 2018) . It is 726 possible that these related patterns reflect an ecological relationship between bulk soil and SCN cyst 727
fungal communities, given that soil may act as a reservoir for microbial taxa (Mendes et al., 2014) from 728 which certain groups of microbes can be selectively filtered by niche environments (Kristin and 729 Miranda, 2013), like SCN cysts. Unexpectedly, the opposite pattern was observed in 2015, in which 730 alpha diversity in the fall was significantly lower than midseason ( Table 2) . It is possible that the 731 lower alpha diversity in fall 2015 was due to abnormal weather or environmental conditions that 732
introduced a sampling bias. The fall of 2015 was one of the hottest on record, with temperatures above 733 80 o F, no precipitation the week prior to sampling, and significantly higher solar radiation compared 734
to fall 2016 (Regents of the University of Minnesota, 2018). It is possible that some fungi or fungal 735
DNA that would otherwise have been present in the soil was destroyed by excessive heat, dryness, and 736 solar radiation at this sampling timepoint. 737
Arbuscular mycorrhizal fungi 738
Earlier studies at our experimental site found that unique communities of AMF proliferated under 739 continuous corn and soybean monoculture and that the proliferation of specific AMF taxa was 740 correlated with yield declines in their respective crop hosts (Johnson et al., 1991 (Johnson et al., , 1992 . Johnson 741
(1992) hypothesized that one reason for these yield declines was that AMF that proliferated under 742 monoculture were less mutualistic than AMF sustained by crop rotation. While it is probable that our 743 metabarcoding approach failed to capture the full diversity of AMF (Kohout et al., 2014; Stockinger et 744 al., 2010), our results nonetheless supported the idea that corn and soybean host unique AMF 745
communities (Figures 7, S7, and S8) . In further support of Johnson's (1992) hypothesis is the 746 observation that OTUs identified as Glomeraceae sp., which proliferated under corn, were negatively 747 correlated with corn yield at one timepoint, whereas OTUs identified as Glomus aggregatum, which 748
showed a soybean-associated pattern, were positively correlated with corn yield (Figure S8) . These 749
findings support the idea that soybean-associated AMF are more mutualistic on corn than are corn-750 associated AMF. 751 However, it may be possible for AMF to be correlated with corn yield declines without being 752 the cause of these declines. Our results suggest an alternative hypothesis that specific AMF proliferated 753 under corn monoculture as an adaptation to lower soil P (Table S7 ). In this model, both AMF and soil 754 P are correlated with yield declines in corn. However, it is possible that yield declines would be more 755 severe without AMF, which help the plant take up the limited soil P. This model is in agreement with 756
studies showing that corn yields and uptake of P are higher if the preceding crop is corn rather than a 757 non-mycorrhizal crop, such as canola (Miller, 2000) . In order to address these contrasting hypotheses, 758
further studies testing the efficiency with which soybean and corn-associated AMF uptake and 759 translocate P and affect the yield both crop hosts are warranted. 760
Nematophagous fungi 761
Of the three nematophagous guilds that were examined, nematode-trapping fungi had the 762 strongest relationships with crop sequence and SCN density (Figures 3C, 6D and S6) . A pioneering 763 experiment on fungal-nematode interactions showed that nematode-trapping fungi build up in soil with 764 a large quantity of free-living nematodes and may provide a form of biological control against plant 765
parasitic nematodes under such conditions (Linford, 1937) . Subsequent studies failed to corroborate 766 this conclusion (Stirling, 2014 Figures 7, S7, and S8) . Of the trapping fungi we detected, only A. polycephala and A. xiangyunensis 777 showed significant positive correlations with SCN egg density (Figures 7B and S8) . 778
One of the more interesting findings was that the relative abundance of nematode-trapping 779 fungi in SCN-resistant soybean plots was nearly as great as in long-term susceptible soybean 780 monoculture plots (Figure 6D) . One possible explanation for this observation is that the plant host, 781
rather than SCN density, is responsible for the build-up of trapping fungi in the bulk soil (Bordallo et 782 al., 2002) . However, another possible explanation is that the abundance of trapping fungi DNA in bulk 783 soils of SCN-resistant soybean plots is due to a soil memory effect . From 784 1982 until 2010, these plots were planted with SCN-susceptible soybean and therefore likely had a 785
sustained build-up of SCN cysts and, possibly, predators of SCN, like nematode-trapping fungi. These 786 fungi could remain active as soil saprobes or merely be present as large quantities of spores even after 787 a decline in SCN cyst density. 788
The nematode egg parasite guild is difficult to define for several reasons. Dozens of species of 789 fungi have been isolated from SCN cysts (Chen and Chen, 2002), but far fewer have been tested for 790 their ability to parasitize eggs in vitro. It is, therefore, possible that many of these fungi grow 791
saprotrophically on dead nematode eggs and are not true parasites that infect living eggs. For this 792 study, we chose to define the egg parasite guild as fungal species that have been isolated from nematode 793 cysts and been shown to parasitize nematode eggs in an in vitro bioassay. Thus, we have taken a 794 conservative approach, and it is possible that this guild includes far more taxa than we included. In 795 addition to the difficulty in defining the egg parasite guild, it is also difficult to draw conclusions about 796 the reasons for changes in relative abundance or alpha diversity of this guild over various crop 797 sequences ( Figure 3C and and Chen, 2003) . It is possible that egg parasite diversity increases under soybean monoculture 801 (Figure 3C) because the plant host, rather than the SCN, is hosting these pathogens. Nonetheless, it 802
is intriguing that many fungi that have been isolated from SCN cysts showed positive correlations with 803 SCN density. For example, the well-characterized nematode egg parasite P. lilacinum (Song et al., 804 2016b) was below the limits of detection in many corn monoculture plots but was consistently detected 805 in long-term susceptible soybean monoculture plots (Ss) (Figure 5B) . Likewise, potential SCN egg 806 parasites C. cassiicola, P. radicina, Clonostachys sp., and D. macrodidyma all showed consistently 807 positive correlations with SCN density across multiple timepoints (Figures 7B and S8) . Interestingly, 808
two Mortierella species, M. alpina and M. elongata, which were shown to have strong correlations 809
with SCN density when quantified from SCN cysts in our same study system (Hu et al., 2018) , also 810 showed significant correlations with SCN density in bulk soil (Figure S8) . Some Mortierella species 811
isolated from SCN cysts have demonstrated a relatively high egg parasitism index, a measure of the 812 percentage of eggs colonized within a cyst (Chen and Chen, 2002) . Collectively, these findings suggest 813
that some Mortierella species may be parasitic on SCN. However, an alternative hypothesis supported 814
by our results is that the soybean plant promotes the proliferation of Mortierella species to improve P 815 acquisition (Table S9) . Future research testing both of these hypotheses is warranted. 816
Endoparasites of SCN, such as H. rhossiliensis and Hirsutella minnesotensis, are commonly 817 isolated from SCN J2s in soybean fields in Minnesota (Liu and Chen, 2000) , and the percentage of J2s 818 parasitized by H. rhossiliensis has been shown to be affected by crop sequence in a culture-based study 819 at our experimental site (Chen and Reese, 1999 ). However, our study failed to detect a clear association 820 between this nematophagous guild and crop sequence or SCN density. This may be due to the fact that 821 these fungi make up an extremely small proportion of the entire bulk soil fungal community ( Figures  822  4C and 5C) , causing their DNA to be below the limits of detection in most bulk soil samples. 823
Relationships between soil properties, crop sequences, and fungal communities 824
Even though a majority of soil properties did not differ significantly by crop sequence, the 825 general trend showed that most soil properties increased either under soybean or corn monoculture, 826
with OM, Fe, Mn, Cu, total N, and TOC associated with corn and pH and P associated with soybean 827
( Table S7 ). Many of these changes are likely associated with inputs from fertilizer or from the crops, 828
themselves. Corn, a plant with greater overall biomass than soybean, contributes more organic matter 829 and carbon to the soil (Karlen et al., 1994) . While soybean was expected to be associated with higher 830 levels of N due to the effect of nitrogen-fixing rhizobia (Cooper, 2007) , the urea fertilizer used in corn 831 plots resulted in greater total N under corn ( Table S7 ). Shifts in pH across crop sequences may also 832 be related to urea fertilizer, which makes soil more acidic (Lungu and Dynoodt, 2008) . 833
However, no phosphorus-containing fertilizer was applied to the plots in this study, so a 834 biological cause for differences in P levels is likely. The decline in P under corn monoculture may be 835
related to the associated increase in relative abundance of Glomeromycota and Serendipitaceae sp. 836 (Figures 6, 7, and S6-S8) . AMF substantially increase the ability of plants to acquire P, but in doing 837 so deplete P from surrounding soil (Zhang et al., 2010) . When a portion of the corn plant is removed 838
at harvest, this P is not replaced. Sebacinales, the order containing Serendipitaceae sp., appeared to 839 display the same pattern as the glomeromycete orders (Figure 8 and Table S9 ), a result that may be 840 reflective of a similar ecological function. One well-studied member of Sebacinales, Serendipita 841 indica (syn. Piriformospora indica), is associated with increased plant levels of N, K, and P (Kumar et  842 al., 2012) and has been shown to actively transport P to corn roots (Yadav et al., 2010) . Collectively, 843
these findings suggest that the corn-associated fungal community may help corn to adapt to a low-P 844 environment. Conversely, the correspondence between the soybean-associated order Mortierellales 845 and soil P (Figure 8 and Table S9 ) may be a result of these fungi converting inorganic or organic 846
phosphates into the bioavailable form detected in our assay (Zhang et al., 2011) . Higher P levels 847 brought about by the activity of mortierellalean fungi may explain, in part, the improved corn yield 848
following years of soybean. However, it is also possible that the positive correlation between the 849 relative abundance of Mortierella sp. and corn yield (Figure S8 ) is related to other mechanisms, such 850
as the impact of Mortierella sp. on plant growth-promoting hormones (Li et al., 2018) . 851
CONCLUSIONS 852
In this study, we showed that continuous soybean and corn monoculture is associated with significant 853 changes in bulk soil fungal communities, with specific functional groups of fungi proliferating under 854 one or the other crop host. Our hypothesis that fungal communities would become progressively 855 similar to corresponding communities in long-term monoculture plots was supported. However, the 856 hypothesis that crop rotation would result in greater fungal diversity was not supported. Instead, alpha 857
diversity was found to increase in response to corn monoculture rather than to crop rotation. The 858
greatest impact of corn monoculture on soybean yield was arguably its effect on SCN density, which 859 decreased over consecutive years of corn and increased over consecutive years of soybean. Our 860 hypothesis that the diversity and relative abundance of nematophagous fungi would track the 861 population density of SCN was supported for nematode-trapping fungi and for many potential 862 nematode egg parasites, suggesting that members of these guilds hold promise as biocontrol agents 863 against SCN. Relationships between corn monoculture, soil P, and AMF and Sebacinales hint at the 864 adaptive role of these fungi in P acquisition, whereas relationships between soybean monoculture, 865
Mortierellales, and soil P may help explain the increased yields of corn in rotation with soybean. Future 866 research should test nematode-trapping and nematode egg-parasitic isolates for their potential to 867 control SCN populations and address the roles of corn and soybean-associated AMF, sebacinalean, and 868 mortierellalean fungi in P solubilization and uptake. Our findings serve to illustrate the complexity of 869 relationships between crop sequences, soil fungal communities, plant parasitic nematodes, and soil 870
properties and provide fundamental knowledge that can be used to guide future strategies to manage 871 SCN and improve corn and soybean yields. 872
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